We have investigated the thermoelectric power of millimeter-long aligned multiwall carbon nanotubes down to a temperature of Tϭ1.5 K, and observed an accurate T ln T dependence at low temperatures. This behavior is possibly originated from the repulsive interaction between the electrons in a disordered local environment. DOI: 10.1103/PhysRevB.67.033404 PACS number͑s͒: 72.15.Jf, 72.80.Rj The discovery of carbon nanotube 1 provides us an intriguing system to study correlated electrons at low dimensions. In a single-wall nanotube ͑SWNT͒ it is clear that the electrons are highly correlated to form a one-dimensional ͑1D͒ Luttinger Liquid ͑LL͒ ͑Ref. 2͒ and that their transport is via ballistic processes.
The discovery of carbon nanotube 1 provides us an intriguing system to study correlated electrons at low dimensions. In a single-wall nanotube ͑SWNT͒ it is clear that the electrons are highly correlated to form a one-dimensional ͑1D͒ Luttinger Liquid ͑LL͒ ͑Ref. 2͒ and that their transport is via ballistic processes. [3] [4] [5] [6] In a multiwall nanotube ͑MWNT͒, however, the case is not so clear. Interwall coupling and Coulomb screening tend to break down the unconventional LL picture and draw the electrons back to the conventional Fermi liquid ͑FL͒. The scattering processes of the electrons by defects ͑such as the intrinsic stacking faults between adjacent walls 7 ͒ should also influence the transport properties, 8 leading to a diffusive rather than a ballistic electron motion. Experimentally, the magnetotransport measurements 9,10 did reveal that the motion of electrons in a MWNT is diffusive, showing the tendency of weak localization similar to a 2D disordered FL. Nevertheless, the electron system in a MWNT seems still unconventional, as that a power-law-like tunneling density of states [11] [12] [13] [14] similar to that of the LL is preserved. To further understand such an interesting electron system, experiments other than tunneling and magnetotransport measurements are needed.
Thermoelectric power ͑TEP͒ measurement can provide us very useful information of the electrons. Previously, a positive and roughly linear temperature-dependent TEP has been observed on mats of SWNT's by Hone et al. 15 and on mats of MWNT's by Tian et al. 16 A pronounced TEP peak at 100 K has been observed on some transition-metal doped SWNT's mats by Grigorian et al. 17 And a much linear temperature dependence has been observed on a single MWNT sample by Kim et al. 18 In each of these experiments, no anomalies could be recognized as T→0. In this letter, we report our TEP investigation on bundles of MWNT's. With an improved signal-to-noise ratio, we found that the TEP of our MWNT's is clearly suppressed below 20 K-it changes from a linear to a T ln T dependence. To our knowledge, this is an important observation of such a logarithmic behavior of TEP. We will discuss the possible origins of this phenomenon.
The samples used in this experiment are bundles of MWNT's grown by chemical vapor deposition. 19 The MWNT's in the bundle are about 30 nm in diameter and reach millimeters in length. They are aligned in parallel and are separated from each other at a distance of ϳ100 nm except for occasional points of contact which should not affect the TEP signal. 20 We used an ac method to measure the TEP which, as described elswhere, 21 reached a resolution of 20 nV/K. To further guarantee the absolute accuracy of the measurements at low temperatures, we used a stripe of Bi 2 Sr 2 CaCu 2 O 8ϩx high-T c superconductor as the counter arm below ϳ75 K ͑illustrated in Fig. 1͒ .
The upper panel of Fig. 1 shows the temperature dependence of the TEP of MWNT's from 1.5 to 300 K. 22 Many MWNT samples, including the as-grown ones and those after annealing in vacuum above ϳ200°C, have been investigated. For as-grown MWNT's, their TEP is around ϩ33 V/K at room temperature. For annealed MWNT's, such as sample C in Fig. 1 , their TEP dropped significantly during in situ monitoring, but recovered and stabilized to a slightly lower positive value than before after the sample is reexposed to air. And, the overall shape of the temperature dependence was the same as before.
Compared to the earlier results on SWNT and MWNT samples, 15, 16, 18 the high signal-to-noise ratio we reached allowed us to distinguish a downward deviation from the linear temperature dependence below 20 K. This deviation can be clearly seen in the inset of 
where T 0 Ϸ20 K, ␣Ϸ0.15 V/K 2 , and ␤Ϸ0.05 V/K 2 . Using the same setup and method, we have also checked the TEP of glassy carbon and graphite crystal samples for comparison. The former was a barlike piece taken from a Speer carbon resistor, and the latter was a stripe of highly oriented pyrolytic graphite ͑HOPG͒. The results, as shown in the lower panel of Fig. 1 , are consistent with the previous reports. 16, 23 The inset of this panel clearly shows that the TEP of both glassy carbon and graphite crystal varies linearly with T as T→0, confirming that the low-temperature suppression in TEP is a particular property of the MWNT samples.
The MWNT bundles used in this experiment contain several hundred individual MWNT's. Each MWNT consists of several ten coaxial shells. About one-third of the undoped tubes are metallic at low temperatures 24 and the other twothirds are semiconducting, with a gap of ⌬Eϭបv F /dϳ10 meV for tubes of diameter dϭ30 nm like ours ͑where ប is Planck's constant and v F is the Fermi velocity͒; 10 mV is also the energy scale of subbands separation near the Fermi level for both our metallic and semiconducting tubes. It is known that the TEP of carbon nanotubes is sensitive to gas adsorption. 25, 26 A MWNT that has ever been exposed to air is doped with holes so that it has several residual conduction channels. At temperatures above 10 meV, namely, ϳ100 K, the subbands above the Fermi level will contribute to our measurement due to thermal activation. Varying temperatures will therefore change the number of conduction channels and thus influence the temperature dependence of the TEP. Nevertheless, the number of channels should be well fixed at TӶ100 K. Therefore, the observed T ln T dependence in TEP should be safely regarded as an intrinsic property of the multiple-channel electron system.
For such a multiple-channel system, it is interesting to see whether its TEP will change sign below ϳ1 K due to the competition between different bands, the experimental verification of which is, unfortunately, beyond the temperature window of our present cryostat. Nevertheless, it is known that the sign change of TEP with varying temperature, if any, can always be approximated as a linear crossover in the vicinity of the sign-change temperature. It is unlikely, therefore, that the particular T ln T behavior is a consequence of multiband competition. This argument is further supported by the fact that the overall temperature dependence of including the extrapolated sign-change temperature do not change with annealing.
Previously it has been found that the magnitude and the temperature-dependent shape of the TEP of SWNT's TEP depend sensitively on the type of transition-metal catalysts used in the synthesis, showing a pronounced peak due to the Kondo mechanism. 17 As our MWNT's were grown with iron catalysts, we need to clarify if the TEP is influenced by a similar mechanism. The Kondo mechanism usually causes an enhancement on TEP, whereas the TEP of our MWNT's undergoes a suppression from the linearity below 20 K, in a dominant form of T ln T which, to our knowledge, cannot be explained by the existing theories of Kondo effect. 27 In addition, no iron atoms can be identified in the body of our MWNT's at the resolution limits by energy dispersion x-ray spectroscopy and transmission electron microscopy studies. Even if there are such magnetic ions, according to the Gorter-Nordheim rule, 28 their influence on TEP via the Kondo mechanism should be largely suppressed by the numerous nonmagnetic scattering processes that existed in our MWNT's.
In the following we will show that the logarithmic suppression in TEP is possibly an intrinsic property arising from the combined effects of electron-electron (e-e) interaction and electron-disorder scattering in the MWNT. As mentioned in the introduction, the MWNT contains both intrinsic and extrinsic defects. The existence of defects in our MWNT's is confirmed by our previous Raman scattering and thermal conductivity measurements. 29 With these defects, the electrons will likely fall into weak localization ͑WL͒ at low temperatures. 30, 31 They may enter into a 1D WL state if their dephasing length is longer than the circumference of the tube, or enter into a 2D WL state if otherwise. Some of the earlier electron-transport measurements confirmed the 2D WL in MWNT.
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There has been great interest in weakly disordered electron systems over the past few decades. 30, 31 It has been predicted that the e-e Coulomb interaction will be enhanced in the presence of defect scattering, resulting in corrections on the electron's density of states and on the transport coefficients such as conductivity, magnetoconductivity and TEP. In particular, the temperature-dependent conductivity and magnetoconductivity have been calculated and fitted to numerous experimental data with great success. For TEP, the influence of e-e interaction on 2D WL electrons was first considered by Ting et al. 32 two decades ago. By introducing the e-e interaction as a perturbation, a logarithmic correction on the temperature dependence was predicted,
where Eq. ͑3͒ is Mott's formula of TEP for diffusive noninteracting electrons, E F is the Fermi energy, is the electron momentum relaxation rate due to impurity scattering, F is the measure of Coulomb screening, and is the electrical conductivity. A logarithmic correction on TEP was also predicted by Hsu et al. 33 and by Belashchenko et al. 34 However, no experimental evidence has previously been reported.
Equation ͑2͒ is equivalent to Eq. ͑1͒ which describes our experimental data below 20 K. With a typical Fermi energy E F ϳ0.1 eV and a relaxation rate ϭ(1 -2)ϫ10
Ϫ14 s as obtained from our magnetoresistance measurement, 35 the TEP data below 20 K yield a reasonable screen constant of F Ϸ0.3. Therefore, the above theories of 2D WL might approach the underlying physics of the T ln T behavior, at least at relatively high temperatures.
A dominant logarithmic behavior at low temperatures is, however, more than one would expect based on the conventional perturbation theories as mentioned above. In fact, the T ln T law implies that the electron system is near some critical point where no particular energy scale exists. Together with the fact that a LL-like power-law tunneling conductance is preserved in MWNT, it would be interesting to ask if the electron system in MWNT, hence the T ln T law of TEP, can be described using an unconventional picture.
Along this line of seeking for possibly better understandings to our experimental data, let us mention that Kane and Fisher 36 have already predicted a linear temperature dependence of TEP for defect-free 1D LL. Therefore, LL alone cannot account for the logarithmic TEP suppression.
Recently, the peculiar disordered electron system in MWNT has been studied by taking the e-e interaction nonperturbatively. In their theory explaining the logarithmic and power-law-like zero bias anomaly in MWNT, Egger and Gogolin 37 have shown the importance of a nonconventional Coulomb blockade mechanism on the diffusive motion of the electrons. This mechanism should also impede the electrons from accumulating along the temperature gradient, resulting in suppression in TEP. In another nonperturbative calculation on the tunneling density of states of an N-channel disordered wire, Mishchenko and co-workers 38 predicted the formation of a Coulomb gap at low energies. The TEP suppression we observed is also consistent qualitatively with this prediction, because in a disordered metal such a gap will again prevent the electrons from redistributing along the temperature gradient. The temperature-dependent conductance G of our MWNT's seems to follow the form of Ϫln GϰT Ϫ1/2 at low temperatures ͑Fig. 3͒, which is consistent with the opening up of a Coulomb gap. 38, 39 It will be interesting to see if the logarithmic law of TEP can be explicitly deduced from either of the above nonperturbation theories.
In conclusion, we found that the TEP of the MWNT has a logarithmic temperature dependence at low temperatures. This behavior is likely resulted from the interplay between electron-electron Coulomb repulsion and electron-disorder scattering. Further theoretical and experimental investigations are needed to fully clarify the intriguing multiplechannel electron system in MWNT.
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